In this study, peptides were derivatized by reaction with salicylaldehyde to create N-terminal imines (Schiff bases). Collision-induced dissociation of the imine-modified peptides produces a complete series of b and a ions (which reveal sequence). However, an unusual pathway is also observed, one that leads to elimination of the residue mass of the N-terminal amino acid despite the chemical modification to create the imine. This pathway was investigated further using infrared multiple-photon dissociation (IRMPD) spectroscopy and density functional theory with alanine-glycine-glycine (AGG) as the test peptide. The IRMPD spectrum for the product generated by loss of 71 from modified AGG (Sal-AGG) matches one predicted for protonated Sal-GG, as well as the IRMPD spectrum of glycine-glycine derivatized independently to produce a Schiff base. We conclude that the residue mass of the N-terminal amino acid is likely eliminated through a pathway that involves nucleophilic attack by an amide N atom and possible formation of an imidazole-4-one intermediate.
Introduction
Tandem mass spectrometry (MS/MS) and collision-induced dissociation (CID) remain two of the most important tools used for peptide and protein identification in proteomics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Sequencing, whether done by comparison to known peptide fragmentation patterns, or by searching sequence databases with bioinformatics tools that attempt to predict fragmentation, is dependent, in part, on product ion distributions generated by CID [14] . Therefore, a clear understanding of peptide fragmentation mechanisms, energetics and dynamics is necessary to maximize the effectiveness of MS/MS based identification.
Under low-energy CID conditions, fragmentation of protonated peptides typically involves charge (proton) mediated reactions, in which cleavage of amide bonds leads to generation of b, y, and a ions [14] [15] [16] [17] . Development of the mobile proton model [18, 19] of peptide fragmentation, and related amide bond cleavage pathways [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , has been focused primarily on proton mobilization. The pathways in competition (PIC) fragmentation model [14] uses the mobile proton model as a foundation for understanding, but takes into account the structures and reactivity of key reactive configurations and primary fragments as well as transition states and their energies.
It has been shown that small (i.e. three or fewer residues within the fragment) N-terminal b n type fragment ions have structures that include C-terminal oxazolone rings [20, 21, 23, [29] [30] [31] [32] [33] [34] and retain the primary sequence of the precursor peptide ion. More recent experiments strongly suggest that macro-cyclic b ion isomers, or intermediates, can arise through cyclization of linear, oxazolone-terminated b ions. For example, in a detailed experimental and theoretical study [37] , the gas-phase structures and fragmentation pathways of the N-terminal b and a fragments of YAGFL-NH 2 , AGLFY-NH 2 , GFLYA-NH 2 , FLYAG-NH 2 , and LYAGF-NH 2 were investigated using CID and detailed molecular mechanics and density functional theory (DFT) calculations. It was shown that low-energy CID of the b 5 fragments of the pentapeptide amides produced nearly the same dissociation patterns. Furthermore, CID of protonated cyclo-(YAGFL) produced the same fragments with nearly identical ion abundances to those observed for the b 5 ions when using similar experimental conditions. The results strongly suggested that rapid cyclization of the primarily linear b 5 ions can take place, and that the CID spectrum is influenced by the fragmentation behavior of the cyclic isomer.
The extent to which sequence scrambling reactions influence the accuracy of peptide and protein identification by tandem MS has been debated [58] [59] [60] [61] . It is important to recognize that the (negative) influence of sequence scrambling on peptide identification is likely to be highest during multiple-stage (MS 3 or higher) CID experiments in 3D or linear ion traps. Indeed, the first identification of potential scrambling pathways was made at the MS 3 stage [62] . It has been noted that modification of the N-terminus, such as through acetylation [37, 38] or conversion to trimethylpyridinium ion [63] , reduces or eliminates the cyclization that leads to sequence scrambling. Our past examination using YAGFL-NH 2 and permuted sequence isomers suggested that sequence scrambling is initiated by nucleophilic attack by the N-terminal amine, upon a carbon atom within the oxazolone ring of a b n ion, to produce a macrocyclic isomer [37] . Opening of the macrocycle at various positions leads to the loss of sequence information. The prevention of sequence scrambling with acetylation, for example, can be attributed to the fact that the nucleophilic amino group is converted to an amide (or otherwise functionalized if other modification is made).
In an attempt to identify ways to mitigate effects of sequence scrambling pathways and enhance MS n approaches to direct peptide identification, we have been investigating several derivatization strategies. Our goal is to derivatize the N-terminus of peptide, efficiently and quantitatively (thus eliminating the amine nucleophile responsible for the scrambling reactions) while maintaining a basic site to enhance ionization (protonation) efficiency. As part of these studies, one approach taken was to convert the N-terminus to an imine (Schiff base) by condensation with an aldehyde (Scheme 1). In our preliminary experiments, we found that an extensive series of b n and a n ions are produced by CID, and that the N-terminal product ions dominate C-terminal fragments such as the y n ions (likely reflecting the high basicity of the imine group). In addition, sequence scrambling pathways were apparently suppressed or eliminated altogether. More importantly, we also observed a fragmentation reaction that appeared to involve elimination of the residue mass of the N-terminal amino acid, despite the chemical modification to create the imine. The pathway therefore reflects another interesting and unanticipated rearrangement reaction and is the subject of the present study. Here, we report the general fragmentation patterns of the derivatized peptides that helped identify the new rearrangement, and the use of IRMPD spectroscopy and density functional theory calculations to shed light on the reaction pathway that leads to the elimination of the residue mass of the N-terminal residue.
Experimental methods

Sample preparation
Peptides (glycine-glycine-glycine, alanine-glycine-glycine, glycine-glycine-alanine, valine-alanine-alanine-phenylalanine and tyrosine-glycine-glycine-phenylalanine-leucine) were purchased from Sigma Aldrich (St. Louis, MO) and used as received. Peptide imines were generated by reacting peptides with salicylaldehyde (1:1 mole ratio) in methanol for 2-6 h at 37 • C. The reaction mixture was then diluted with 50:50 methanol/water and then acidified with 10 L of 1% acetic acid in H 2 O. Modification of the respective peptides was confirmed by a mass shift of 104 mass units (u), the expected change due to the condensation reaction. Final peptide concentrations for ESI-MS and IRMPD studies were ∼10 −4 M.
Collision-induced dissociation experiments
Ion trap multiple-stage CID experiments were conducted on a ThermoScientific LTQ-XL linear ion trap mass spectrometer (Thermo Scientific, San Jose, CA, USA). The atmospheric pressure ionization stack settings for the LCQ (lens voltages, quadrupole and octapole voltage offsets, etc.) were optimized for maximum (M+H) + transmission to the ion trap mass analyzer using the auto-tune routine within the LTQ Tune program. Following the instrument tune, the spray needle voltage was maintained at +5 kV, the N 2 sheath gas flow at 10 units (arbitrary for the ThermoScientific instruments) and the capillary (desolvation) temperature at 200 • C. Helium was used as the bath/buffer gas to improve trapping efficiency and as the collision gas for CID experiments.
The CID studies (MS/MS and MS n ) were performed as follows. The (M+H) + ions were isolated for the initial CID stage (MS/MS) using an isolation width of 0.9-1.2 m/z units. The exact width was chosen empirically and reflected the best compromise between high (M+H) + abundance and the isolation of a single isotopic peak. The (mass) normalized collision energy, which defines the amplitude of the R.F. energy applied to the end cap electrodes in the CID experiment, was set between 20% and 25%, which corresponds roughly to 0.80-0.99 V with the instrument calibration used in this study. The activation Q (as labeled by ThermoFinnigan, used to adjust the q z value for the precursor ion) was set at 0.30. The activation time employed at each CID stage was 30 ms.
ESI FT-ICR mass spectrometry
Previously established methods were used for generation of ions and the subsequent collection of IRMPD spectra [26] [27] [28] [29] [30] . Briefly, ESI was performed using a Micromass Z-Spray source. Ions were injected into a home-built Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer described in detail elsewhere [64] . Instrument operating parameters, such as desolvation temperature, cone voltage, and ion accumulation and transfer optics + from Sal-GGG via oxazolone pathway (pathway A) and of (b2 + H2O) by anhydride pathway (pathway B).
voltages, were optimized to maximize formation of (M+H) + ions, or b 2 ions generated by in-source CID, and transfer of the species to the ICR cell. Dry nitrogen (∼80 • C) was used to assist in the desolvation process. Ions were accumulated for the duration of the previous FT-ICR cycle (approximately 5 s) in an external hexapole and injected into the ICR cell via a quadrupole deflector and an octapole RF ion guide.
Infrared multiple photon dissociation (IRMPD)
Infrared spectra were recorded by measuring the photodissociation yield as a function of photon wavelength. Precursor ions were irradiated using two FELIX macropulses (35 mJ per macropulse, 5 s pulse duration, FWHM bandwidth ∼0.5% of central ). In the IRMPD process, photon absorption occurs when the laser frequency matches a vibrational mode, and energy is subsequently distributed over all vibrational modes by intramolecular vibrational redistribution (IVR). The IVR process allows the energy of each photon to be dissipated before the ion absorbs another, and this process promotes ion internal energy toward the dissociation threshold via multiple photon absorption [65] . It is important to note that infrared spectra obtained using IRMPD are comparable to those collected using linear absorption techniques [66, 67] . For the current experiments, the free electron laser wavelength was tuned between 6.25 m and 11.2 m in 0.04-0.1 m increments. The intensity of product and un-dissociated precursor ions was measured using the excite/detect sequence of the FT-ICR-MS after each IRMPD step. The IRMPD yield was normalized to the total ion current, and linearly corrected for variations in laser power across the wavelength range scanned. In the figures shown below, the IRMPD spectra are normalized to facilitate comparison of intensity to predictions by DFT. The overall photodissociation yields for the ions investigated were above 10-15%, and we assume that the IRMPD spectra reflect the true ion populations, without bias due to differences in dissociation thresholds for different isomers.
DFT geometry and frequency calculations
All DFT calculations were performed using the Gaussian 03 group of programs [68] . Full geometry optimizations for Sal-AGG and various potential structures created by elimination of 71 mass units (u) from the derivatized peptides were initiated using the hybrid B3LYP functional and the 3-21G* basis set on all atoms. The same was done for b 2 + from Sal-AGG, and for intact salicylaldehydederivatized GG (Sal-GG). Using the minima identified at this level of theory, relaxed scans were performed by rotating (through 360 • ) dihedral angles along the backbone in 3 • steps to continue the search for alternative structures. Minima identified were then reoptimized using the same functional and the 6-311+G(d,p) basis set. Vibrational spectra and (zero-point corrected) relative energies were computed at the same level of theory. The vibrational frequencies are scaled by a factor of 0.98. This scaling factor was chosen empirically to produce a good correlation of peak positions in the experimental and theoretical IR spectra [32, 69] .
Results and discussion
CID of derivatized peptides and identification of new fragmentation pathway
We begin our discussion with the CID spectra derived from underivatized GGG, AGG and GGA, which because of their relative simplicity are provided in figure S1 of the supporting information. For each peptide, the most abundant peak generated by CID is b 2 + , at m/z 115 for GGG and GGA, and m/z 129 for AGG. The N-terminus containing b ions, in general, are formed via the "oxazolone" pathway [14, 20, 21, 29] as shown in Scheme 2A. An oxazolone structure for b 2 ions generated from protonated tripeptides has been confirmed by several IRMPD/DFT studies [31, 32, 70] . Also observed for each peptide was a 2 + (at m/z 87 for GGG and AGG, m/z 101 for GGA) at relative intensity less than 10%.
The C-terminus containing y ions are less abundant, in general, from the tripeptides used here. A small peak (<10%) corresponding to formation of y 2 + was observed for protonated AGG, and is likely formed along the y-a pathway outlined by Paizs and Suhai [28] . A prominent peak corresponding to y 1 + (the complementary ion to b 2 + ) was observed for protonated GGA.
Other fragmentation pathways common to the three tripeptides involved the loss of H 2 O or elimination of CO and NH 3 . Loss of H 2 O represents either generation of b 3 + through the oxazolone pathway, or formation of an imidazole-one product through rearrangement and loss of an amide O atom. The later pathway has been invoked to explain loss of H 2 O from protonated tetraglycine [71, 72] . Data from IRMPD spectroscopy and DFT calculations [73] support a mechanism for this rearrangement that involves nucleophilic attack by an amide N atom, with associated proton transfer, to generate the imidazole-one. The pathway by which CO and NH 3 are eliminated was investigated by Bythell et al., who used tandem MS, isotope labeling and DFT to determine the mechanisms behind backbone cleavages and elimination of small molecules from protonated AGG [74] . Based on comprehensive DFT calculations, it was suggested that initial loss of CO is likely followed by rearrangement and elimination of NH 3 to leave a peptide fragment with an N-terminal imine group. We next examined the fragmentation of derivatized versions of the three tripeptides. The CID spectra generated from GGG, AGG and GGA, after derivatization with salicylaldehyde to create the imines, are shown in Fig. 1 . It is immediately clear from a comparison of the spectra in figures S1 (supporting information) and Fig. 1 that CID of the derivatized peptides produces a wider array of sequence ions. Particularly interesting is the appearance of product ions that are formally b 1 species generated by cleavage of the N-terminal amide bond. Normally, b 1 ions are not observed and their absence was used as early supporting evidence for the oxazolone structure of b ions in general [20, 21, 29] . For example, generation of b 2 + with an oxazolone structure from a protonated tripeptide requires the nucleophilic attack by an amide carbonyl group located to the Nterminal side of the cleavage site (Scheme 2A). In the present case, b 1 ions are clearly generated despite the lack of the required amide nucleophile. The structure of the b 1 ion, and the pathway by which they are generated, is not immediately clear and is currently under further investigation.
The CID spectrum of the imine-derivatized peptides is dominated by the N-terminus containing b n and a n ions. Only y 2 + is present in the product ion distribution for each peptide. The y 3 ion would be formed by cleavage of the imine C N bond, with associated proton transfer, to cause elimination of 105 u. This neutral loss was not observed for any of the derivatized peptides. The y 1 ion, which was prominent in the CID spectrum of underivatized GGA, has an m/z value of 90, which falls below the low-mass cutoff (LMCO) of the linear ion trap. Therefore, though the y 1 ions may in fact be created by CID, they were not observed in these experiments because of the imposed cut-off. The LMCO is defined, in part, by the activation Q setting on the ion trap and can be decreased by setting Q to a lower value. This was attempted in the present study to place the LMCO well below m/z 90 to search for y 1 from derivatized GGA. However, decreasing the value of Q also decreased the trapping efficiency and severely attenuated the product ion signal.
More interesting and important is the peak in Fig. 1a (from Sal-GGG) that corresponds to the apparent loss of 57 u from (M+H) + . We initially attributed this peak to formation of the b 2 + H 2 O ion. These species are often observed protonated peptides that contain one or more arginine residues [75] [76] [77] and analogous (b n + 17 + Cat) + are frequently observed for metal (Li + , Na + or Ag + ) cationized peptides [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] . An anhydride mechanism, shown for protonated Sal-GGG in Scheme 2B, has been postulated for generation of b 2 + H 2 O and (b n + 17 + Cat) + ions [88, 89] . The absence of both an arginine residue and metal cation in the present case made the appearance of such a species an unexpected result.
As shown in Fig. 1b , however, the neutral loss of 57 u shifts to 71 u for Sal-AGG, but remained 57 u for Sal-GGA. The shift of neutral loss observed within the group of peptides therefore suggests a fragmentation reaction that involves elimination of the residue mass of the N-terminal residue. A minor peak that we can attribute to the anhydride mechanism (and therefore generation of b 2 + H 2 O) is present in the spectra shown in Fig. 1b and c (loss of 57 u and 71 u for modified AGG and GGA, respectively).
Possible mechanisms to explain the elimination of the Nterminal residue from the modified peptides are shown in pathways a and b of Scheme 3. In pathway a, the reaction is initiated by proton transfer from the imine N atom ultimately to the O atom of the C-terminal amide group. The proton transfer is followed by nucleophilic attack by the imine N atom upon the C atom of the C-terminal amide group to create a substituted ketopiperazine intermediate. Collapse of this intermediate, with ejection of an aziridinone, leaves a product ion with backbone hydroxyaziridine ring.
In pathway b, the N atom of the imine group remains protonated. The rearrangement is initiated by nucleophilic attack by the N atom of the middle amide group upon the C atom of the N-terminal imine, and ultimately generates an imidazole-one intermediate. Opening of the ring intermediate, with ejection of CO and an imine, results in formation of an imine-derivatized peptide that is one amino acid smaller. The attack by the amide N atom and formation of the imidazole-one intermediate is similar to the steps proposed to explain the elimination of H 2 O from protonated tetraglycine [71] [72] [73] . Therefore, there is precedent for nucleophilic attack by amide N atoms during rearrangement reactions of gas-phase peptide ions.
We also examined and compared the fragmentation behavior of unmodified and modified VAAF and YGGFL (leucine-enkephalin). Our attention was focused on the general product ion distribution and whether or not a product ion was observed that is consistent with the pathway that leads to elimination of the reside mass of the N-terminal amino acid. The CID spectra for VAAF and Sal-VAAF are shown in Fig. 2a and b , respectively. The most abundant fragment ion for the underivatized version is y 2 at m/z 237, and less abundant y 3 and y 1 ions are also observed at m/z 308 and 166, respectively. The N-terminus-containing b 3 , b 2 and a 2 ions are observed at m/z 242, 171, and 143, respectively. The CID spectrum for Sal-VAAF, is markedly different in that the most abundant product ion is b 3 at m/z 346. As observed for the tripeptides described above, the C-terminus containing y n ion series is diminished in intensity for imine-modified VAAF and the fragment ion distribution is dominated by the b n /a n series. Important to this study, fragmentation pathways that result in elimination of the residue masses of the C-terminal and N-terminal amino acids (F and V at 147 and 99 u, respectively) are also observed, but with significantly lower relative intensities that for the smaller protonated tripeptides.
The general fragmentation pattern of protonated YGGFL (and variants) is known as it has been widely used in fundamental studies of peptide fragmentation [37, [90] [91] [92] [93] . The CID spectra of unmodified and modified YGGFL (leucine-enkephalin) are shown in Fig. 3a and b . The b 4 and a 4 ions are most abundant product ions, and peaks that can be assigned to b 3 , b 2 , y 3 and y 2 are also observed. An important study by Vachet et al. demonstrated that rearrangement reactions for protonated YGGFL are activated under low-energy CID conditions, and they lead to the apparent elimination of internal amino acid residues [93] . The product ions generated by these rearrangement reactions therefore contain no sequence-specific information, and their mechanistic details were the subject of a comprehensive isotope-labeling and DFT investigation [90] . The peaks in Fig. 3 that can be attributed to these rearrangement reactions are identified with asterisks. As is clear from inspection of the CID spectrum for Sal-YGGFL in 3b, similar "rearranged" product ions are not generated from the imine-modified peptide, and the product ion distribution is dominated by N-terminal b n /a n series. As discussed above for imine-modified VAAF, fragmentation pathways that result in elimination of the residue masses of the C-terminal and N-terminal amino acids (Y and L at 163 and 113 u, respectively) are also observed.
IRMPD spectroscopy to determine product generated by loss of 71 u from Sal-AGG
In an attempt to more clearly resolve the pathway by which the residue mass of the N-terminal amino acid is eliminated from the imine-modified peptides, we used IRMPD spectroscopy to determine the structure of precursor and product ions using Sal-AGG as a model. For intact, protonated Sal-AGG, several minima were identified by DFT calculations, including structures in which the imine N atom is protonated and those for which amide O atoms are the protonation site. The four lowest energy structures are shown in Fig. 4 . Relative energies for the respective species are provided in Table 1 .
The lowest energy structure (I) is protonated at the imine N atom and features a ␤-strand type conformation. The next highest energy structure (II) is also protonated at the imine nitrogen atom, but a change of dihedral angle allows for a hydrogen bonding interaction between the imine and the C-terminal amide O atom. The amide O atom protonated (so called charge solvated) structures (III and IV) are 9.5-16.2 kcal/mol higher in energy than structure I, as are several other amide O and amide N protonated species (not shown). Fig. 5 compares the IRMPD spectrum of Sal-AGG (Fig. 5a ) to those predicted for structures I and III (the lowest energy imine N and amide O protonated species, Fig. 5b and c, respectively) . A comparison of the IRMPD spectrum to those predicted by DFT for structures II and IV is provided in figure S2 of the supporting information. Comparison of the spectra in Fig. 4 shows that the agreement between IRMPD and theoretical spectra is best for species I, and strongly suggests that the imine-N protonated, ␤-strand conformation represents the intrinsic structure of protonated Sal-AGG.
Assignments of vibrational modes can be made using the comparison of IRMPD and predicted spectrum for structure I. The feature at 1776 cm −1 is assigned to the C O stretch of the Cterminal acid group. The absorption from 1686 cm −1 to 1739 cm −1 corresponds to two unresolved vibrations, which are symmetric and asymmetric combinations of the amide C O stretches (amide I band). The feature at 1652 cm −1 is assigned to the imine C N stretch. The broad, partially resolved pair of vibrations at 1574 cm −1 and 1605 cm −1 is attributed to C C stretches of the salicyl group, with and without coupling to ring OH and imine N H wags. The intense absorption at 1510 cm −1 is assigned to the amide N H wag (amide II vibration).
We next turned our attention to the structure of the product ion generated by loss of 71 u from protonated Sal-AGG. Minima identified using DFT for products generated through path a and b (Scheme 3) are shown in Fig. 6 . Relative energies for the respective species are provided in Table 1 . As noted earlier, the product ion generated in pathway a, through a potential ketopiperazine intermediate, would have a hydroxyaziridine structure. Both structures V and VII feature intact hydroxyaziridine rings. We found during dihedral scans of structure V that eliminated several intramolecular hydrogen bonding interactions causes the aziridine ring to open and create a structure that is actually salicylaldehyde-modified GG, but with the amide bond in a cis configuration and the amide O atom protonated (structure VI).
The products generated by pathway b, which is proposed to involve the formation of an imidazole-one intermediate, would instead be conformational isomers of Sal-GG with transconformation amide bond. The three lowest energy structures identified for Sal-GG are shown in Fig. 6 (relative energies provided in Table 1 ). As for Sal-AGG, the lowest energy structure for Sal-GG is a ␤-strand conformation, with the imine N atom serving as the protonation site (structure VIII). Structure IX has a change of dihedral angle to break the intramolecular hydrogen bond. Though the calculations predict that the change in conformation has an energetic cost of 2.4 kcal/mol, this value may lie within the error expected when using DFT. The lowest energy O protonated structure (X) lies 16.5 kcal/mol higher in energy. It is important to note structures VIII, IX and X are 10.8-56.4 kcal/mol lower in energy that those that may be generated through pathway a.
The IRMPD spectrum generated from the product ion created by loss of 71 u from protonated Sal-AGG is shown in Fig. 7a , and compared to the lowest energy structures predicted for pathways a and b, structures VI and VIII, in Fig. 7b and c, respectively. Comparisons to the other possible conformations for the product ion (structures V, VII, IX and X) are provided in figure S3 of the supporting information. It is clear from the comparison of Fig. 7a, b and c that there is good general agreement between IRMPD and theoretical spectra for structure VIII, which is Sal-GG protonated at the imine N atom and featuring a ␤-strand conformation.
Based on the initial comparison of IRMPD to theoretical spectra, it appears that the product generated by loss of 71 u from protonated Sal-AGG is protonated Sal-GG. We also reacted salicylaldehyde with GG in an independent set of experiments, and collected the IRMPD spectrum of the intact derivatized dipeptide. The IRMPD spectrum collected for Sal-GG, shown in Fig. 7d , is nearly identical, both in terms of the positions and intensities of IR peaks, to the IRMPD spectrum of the dissociation product generated by fragmentation of Sal-AGG. We believe that this confirms that Table 1 Electronic energies, zero-point energies and relative energies of minima identified for Sal-AGG, candidate products formed by elimination of residue mass of N-terminal amino acid and for b2 + . Sal-GG is created by loss of 71 u from Sal-AGG, likely by the pathway that involves the imidazole-one intermediate. The vibrational modes and assignments for Sal-GG are similar to those for Sal-AGG. The acid C O stretch appears at 1173 cm −1 . The amide C O stretch (amide I vibration) is at 1718 cm −1 . Because Sal-GG contains only a single amide bond, no splitting of the amide I band into symmetric and asymmetric combinations of stretching is observed. The imine C N stretch appears at 1658 cm −1 , and salicyl ring C C stretches within the broad absorption spanning 1567 cm −1 to 1618 cm −1 . The amide II band is observed at 1519 cm −1 . The peaks in the region 1250 cm −1 to 1450 cm −1 are assigned to different combinations of backbone -CH 2 -bend and rock vibrations.
Another obvious test to determine whether the reaction that causes elimination of 71 u from Sal-AGG does indeed produce Sal-GG is to compare the CID pattern for the product ion to that generated instead from Sal-GG. CID spectra were collected for the m/z 237 generated at the MS 3 stage from protonated Sal-AGG (m/z 308) and for the m/z 237 ion created directly by ESI from Sal-GG using three different normalized collision energies (NCE). As is apparent in the spectra shown in figure S4 of the supporting information, the fragmentation patterns for the two, independently created ions, are essentially identical. Each ion fragments to produce species at m/z 191, 180, 162 and 134, in nearly equal relative intensities, at each NCE used. This observation therefore provides additional support to the hypothesis that Sal-GG is created by loss of 71 u from Sal-AGG. As noted in Section 1, there is a great deal of IRMPD evidence that small (i.e. 3 or fewer residues within the fragment) b n type fragment ions have structures that include C-terminal oxazolone rings [31, 32, 70] and retain the primary sequence of the precursor peptide ion. In the mobile proton model of peptide fragmentation [19, 94] , protons added to create a charged ion play a critical role in the fragmentation of protonated peptides during CID. The original model distinguished peptide ions with easily mobilized protons from for which protons are sequestered by highly basic side (for example, at the side chains of lysine or arginine residues). For the former class, collisional activation/excitation drives to proton transfer reactions which populate amide nitrogen protonation sites. This enables facile amide bond cleavage and thus the formation of b and y sequence ions. In contrast, the latter class of peptide ions contains strongly basic functionalities which sequester the ionizing protons, thereby often hindering formation of sequence ions. We and others have demonstrated that amide position protons can apparently be mobilized during CID of peptides for which there is no added "mobile" proton [69, 88] . In one case, IRMPD spectroscopy was used to study formation of b 2 from nicotinyl-glycine-glycine-methyl ester (NicGGOMe). IRMPD shows that NicGGOMe is protonated at the pyridine ring of the nicotinyl group, and more importantly, that b 2 from NicGGOMe is not protonated at the oxazolone ring, as would be expected if the species were generated on the conventional b n /y n oxazolone pathway, but at the pyridine ring instead [69] . IRMPD data support a hypothesis that formation of b 2 from NicGGOMe involves mobilization and transfer of an amide position proton during the fragmentation reaction.
Later, Bythell et al. described proton-driven amide bond cleavages necessary to produce b and y ions from peptide ions lacking easily mobilizable protons [88] , and showed that peptide ions of this type may through three new amide bond cleavage mechanisms which involve salt-bridge, anhydride or imine enol intermediates. All three new mechanisms are less energetically demanding than the classical oxazolone b-y pathway.
The IRMPD spectrum of Sal-AGG showed convincingly that the imine N is the protonation site for the peptide in the gas-phase, and we hypothesized that the imine-modified peptides might represent another example of species that lack "easily mobilizable protons". In addition, earlier IRMPD studies have shown that the protonation site of b 2 ions is the oxazolone N atom. The b 2 ion derived from Sal-AGG, however, has both the oxazolone N atom and the imine N atom as possible protonation sites. We therefore were interested in the gas-phase structure of b 2 + from Sal-AGG, and in particular, the protonation site.
The three lowest energy minima identified for b 2 + from Sal-AGG that include an oxazolone ring are structures XI, XII and XIII in Fig. 6 . Structure XI is protonated at the oxazolone N atom, as it would be as a consequence of the oxazolone pathway and without intramolecular migration of the proton to the imine N atom. Structures XII and XIII instead are protonated at the imine N atom but have different dihedral angles and intramolecular hydrogen bonding. Both imine-N protonated structures are lower in energy relative to the oxazolone N protonated structure ( Table 1) .
The IRMPD spectrum of b 2 + from Sal-AGG is compared in Fig. 8 to those predicted by DFT for structures XI (Fig. 8b), XII (Fig. 8c) and XIII (Fig. 8d) . In general, the agreement is good between experiment and theory for both structures XII and XIII, the two imine-N protonated species. We note the predicted difference in energy between the two structures is only 2.1 kcal/mol, which may be within the error expected at this level of theory.
Using the predicted vibrational spectra, the absorption at 1886 cm −1 in the IRMPD spectrum of b 2 + from Sal-AGG can be assigned to the C O stretch of the oxazolone ring. The position of the oxazolone C O stretch is a sensitive diagnostic for the protonation site. For example, in a previous study of the structure of b 2 + derived from protonated AGG, the C O appeared at ca. 1970 cm −1 and was in excellent agreement with the position predicted for the oxazolone protonated on the ring nitrogen [31] . A shoulder on the low-frequency side of the C O stretching band suggested a minor contribution from an oxazolone protonated on the free amino N atom, and this conclusion is supported by a predicted red-shift to the C O stretching frequency. A similar observation was made for b 2 + generated by CID of protonated trialanine (AAA) [32] . From the better match of the oxazolone C O stretch, experimentally observed at 1950 cm −1 , as well as from the substantially better match in the 1400-1800 cm −1 range, clearly the b 2 + fragment of protonated AAA has an oxazolone structure protonated at the oxazolone N-atom. In that same study, two oxazolone protonated conformers were also identified that differ mainly in the torsional angle around the C C bond connecting the oxazolone ring and the backbone. The lowest energy structure gains stability from a hydrogen bond between the proton on the oxazolone nitrogen atom and the N-terminus. However, the calculated spectra for the two oxazolone protonated conformers were similar, and exclusion of one or another structure was difficult based on the IRMPD spectrum.
Returning to the case of b 2 + from Sal-AGG, the features at 1650 cm −1 and 1666 cm −1 are assigned to C N stretches of the imine and oxazolone groups, respectively. The feature at 1607 cm −1 and low-frequency shoulder at 1567 cm −1 correspond to the C C stretches of the salicyl ring. The absorptions in the region from 1450 cm −1 to 1550 cm −1 are assigned to ring C C stretches coupled to backbone C CH 3 bending motion. The absorptions from 1350 cm −1 to 1450 cm −1 correspond to backbone -CH 2 -scissor and rocking motions.
Conclusions
In summary, several small peptides were derivatized by reaction with salicylaldehyde to create N-terminal imines (Schiff bases). The fragmentation patterns of the modified peptides, as generated by collision-induced dissociation, were then examined. The iminemodified peptides produced a more extensive series of N-terminal b and a ions compared to the unmodified peptides and a reduction in intensity of the C-terminus containing y ions. We attribute the latter observation to retention of the ionizing proton by the imine functional group of the N-terminal ions following cleavage step in the oxazolone pathway presumed to be responsible for production of b and y ions.
Comparison of CID spectra from Sal-GGG, Sal-AGG and Sal-GGA revealed an additional pathway that involves elimination of the residue mass of the N-terminal amino acid, despite the chemical modification to create the imine. This pathway was investigated further using infrared multiple-photon dissociation (IRMPD) spectroscopy and density functional theory (DFT) with Sal-AGG as the test peptide. The IRMPD spectrum for the product generated by loss of 71 u matches one predicted by DFT for protonated Sal-GG, as well as the IRMPD spectrum of GG derivatized independently to produce a Schiff base. We conclude that the residue mass of the Nterminal amino acid is eliminated through a pathway that involves nucleophilic attack by an amide N atom and possible formation an imidazole-4-one intermediate.
We also found that the IRMPD spectrum of b 2 + is consistent with a structure that includes an oxazolone ring. The protonation site, however, is the imine N atom. This suggests either that the fragmentation pathway involves migration and transfer of an amide position proton, as has been observed previously for NicGGOMe, of that intramolecular proton transfer occurs after b 2 + is generated from Sal-AGG. A clearer picture of the mechanism for generation of b 2 + from the derivatized tripeptide should come with detailed study of the reaction energetics using DFT. Thus study is currently underway and will be the subject of a separate report.
It is clear from the CID spectra of Sal-VAAF and Sal-YGGFL that the pathway involving elimination of the residue mass of the Nterminal residue becomes less competitive with increasing peptide size. This result is being investigated more comprehensively, along with the influence of the aldehyde used to create the imine and the identity of the N-terminal amino acid, using a larger group of model peptides. Also of interest is the multiple-stage CID of the imine-modified peptides, and the ability to identify peptide sequence directly in MS n experiments as has been reported for metal-cationized peptides.
